The purpose of this study was to investigate the role of calcium ions in cerebrocortical vasodilatation and oxidized and reduced nicotinamide adenine dinucle otide (NAD/NADH) redox responses evoked by adenosine, anoxia, and epileptic seizures, The brain cor tex of chloralose-anaesthetized cats was treated locally with gallopamil-hydrochloride (D-600) and verapamil (Isoptin®). These organic calcium antagonists decrease the inward movement of calcium ions into vascular smooth muscle cells. Cerebrocortical vascular volume (CVV) and NADH fluorescence were measured in vivo by fluororeflectometry. Adenosine and calcium antagonists were dissolved in artificial cerebrospinal fluid (mock CSF) and applied topically to the brain cortex by superfu sion. Adenosine (10-8 to 10-3 M) resulted in con centration-dependent increases in CVV. The NADI NADH redox state was not altered below adenosine con centrations of 10" M. However, in the concentration range of 10-" to 10 -3 M, significant NAD reduction was obtained. Both calcium antagonists increased CVV markedly, but did not bring about significant changes in NAD/NADH ratio and local electrical activity of the ex posed brain cortex. D-600 (2 x 106M ) increased CVV as much as did 10-4 M adenosine, but it failed to diminish the vascular and metabolic effects of the adenosine. D-600 (2 x 10-4 M) resulted in an increase in CVV approximately 2.5 times greater than that caused by 10-4 M adenosine
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alone. However, the adenosine-induced CVV response was inhibited by only about 70%, compared with the control response. After pretreating the brain cortex with 2
x 10 :1 M D-600, adenosine had no effects on CVV and NAD/NADH redox state; the NAD reduction accom panying anoxia and epileptic seizures was considerably diminished. These results suggest that the inhibition of transmembrane calcium influx could have a minor role in the vasodilatatory mechanism of adenosine. Since the vascular effect of adenosine vanished only at very high concentration of D-600, which might also inhibit the re lease of calcium from intracellular binding sites, it is pre sumed that adenosine dilates the cerebrocortical vessels by interacting with intracellular calcium-sequestrating mechanisms. Furthermore, since adenosine had a marked NAD reducing effect and since it is well known that it increases the activity of adenylate cyclase and phos phorylase enzymes, accumulation of 3' ,5'-cyclic aden osine monophosphate (cAMP) and substrate mobili zation might be involved also in the vasodilatatory mech anism of adenosine. Our results concerning the inhibitory effect of D-600 on epilepsy-and anoxia-induced cere brocortical NAD reduction unambiguously demonstrate the significance of calcium fluxes in glycogen and glucose metabolism under these conditions. Key Words:
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of vascular smooth muscle and an increase in cere bral blood flow (Hayashi and Toda, 1977; Brandt et aI., 1981; Harper et aI., 1981) . While it is generally accepted that vasoconstriction, involves the in crease of cytoplasmic calcium independently of the constrictor stimulus, the mechanism of vasodilata tion and the role of calcium ions in this process is much less clear (Imai and Takeda, 1967; Herlihy et aI., 1976; Verhaeghe, 1977; Bolton, 1979; Huang and Drummond, 1979; Dutta et aI., 1980) . Available data suggest that, besides calcium availability, some other factors, such as cAMP (Kukovetz et aI., 1978; Huang and Drummond, 1979) , membrane hyper polarization (Imai and Takeda, 1967; Axelsson and Holmberg, 1969) , inhibition of mitochondrial phos phorylation and the enzyme phosphodiesterase (lmai and Takeda, 1967; Bolton, 1979) , also con tribute to the relaxing effect of various spasmolytic and vasodilator substances. Among the naturally occurring vasodilator humoral agents, adenosine is particularly important because of its possible in volvement in the coupling between cerebral blood flow and metabolism (Winn et aI., 1981a,b) . Re cently it has been proposed that adenosine relaxes vascular smooth muscle by directly interacting with the calcium availability in the contraction-relaxa tion machinery (Herlihy et aI., 1976; Dutta et aI., 1980; Fenton et aI., 1982) . However, since these data were collected from in vitro experiments on large vessels or cultured smooth muscle cells, it is questionable whether they would pertain to intact small cerebrocortical vessels in situ. In addition to this, although adenosine greatly influences glycogen and glucose metabolism in isolated brain slices (Sattin and RaIl, 1970; Ibrahim, 1975; Wilkening and Makman, 1976; Huang and Drummond, 1979; Ver verken et aI., 1982) , these effects were not incorpo rated into the explanation of the vasodilatatory mechanism of adenosine released in vivo.
The present study focused on the following ob jectives: (a) effect of externally added adenosine on cerebrocortical vascular volume (CVV), N AD/ NADH redox state, and local electrical activity in the exposed brain cortex; (b) the role of calcium influx in the cortical vascular and redox responses evoked by topical administration of adenosine into the brain cortex; and (c) the significance of calcium availability, as well as glycogen and glucose metab olism, in cerebrocortical NAD reduction accom panying arterial anoxia and epileptic seizures.
Changes in CVV and NAD/NADH redox state were determined by fluororeflectometry in vivo (Dora and Kovach, 1982) . Calcium availability in the brain cortex (vessels and parenchyma) was re duced by the topically administered organic calcium antagonists gallopamil-hydrochloride (D-600) and verapamii. Anoxia and epileptic seizures were in duced by respiring the animals with nitrogen gas or by injecting 8-10 mg/kg metrazol into the lingual artery.
METHODS
The experiments were carried out on 40 male cats (weighing 2.5-3.5 kg) anaesthetized with 40-50 mg/kg a-D-glucochloralose (Sigma) administered intravenously. The animals were immobilized with 5 mg/kg gallamine triethiodide (Flaxedil®; American Cyanamid), and re- 1983 spired artificially with a Harvard respirator (no. 671). The volume and rate of respiration were set to have the arte rial POz and Pe0 2 at approximately 100 and 32 mm Hg, respectively. Arterial pH was between 7.35 and 7.40. When it was lower than this, an appropriate amount of sodium bicarbonate solution (2.5%) was infused into the femoral vein. The trachea, the femoral arteries and veins, and one of the lingual arteries were cannulated. The can nulae were filled with heparinized physiological saline solution before introducing them into the blood vessels. The animals did not receive any additional heparin.
The heads of the animals were mounted in stereotaxic stands and the skin and muscles were removed from both sides of the skull. A 12-mm diameter hole was drilled in the left parietal bone and the dura was carefully opened.
The bleeding from bone and dura was stopped by fibrin sponge (Fibrostan). Electrical activity of the exposed brain cortex and the other brain hemisphere was mea sured by silver electrodes built into the plastic ring of the cranial window ( Fig. 1 ) and by copper screws fixed into the right parietal and occipital bones. The reference elec trode was pinched to the temporal muscles. The intracra nial pressure was measured by metal tubes sealed into the Plexiglas ring of the cranial window ( Fig. 1 ). Adenosine (Sigma), D-600 (Knoll; F.R.G.), and verapamil (Orion Pharmaceutica; Finland) were applied topically to the brain cortex using a cranial window and superfusion technique. Briefly, the window consists of two parts: a Plexiglas ring and a circular microscope coverslip. The metal tubes, the silver electrodes, and the coverslip are sealed to the Plexiglas with rapid-setting epoxy resin. In order to superfuse the brain cortex consecutively with drug containing cerebrospinal fluid (CSF) and mock CSF, a branched polyethylene tube is attached to the inlet metal tube of the window. One of the branches was used for drugs, the other for mock CSF perfusion. For perfu sion, a two-channel Harvard infusion pump (no. 944), with a perfusion rate of approximately 1 mllmin, was used. The perfusion pressure was the same as the intra cranial pressure (4-8 mm Hg). Schematic drawing of the implanted cranial window used for optical monitoring of cerebrocortical circulation and NAD/NADH redox state and for topical drug administra tion. The window consists of two parts: a Plexiglas frame and a circular microscope coverslip. Metal tubes and silver wires (electrodes for local ECoG) are sealed into the wall of the Plexiglas frame. The metal tubes are used to superfuse the brain cortex and to measure intracranial pressure. The vol ume of the perfused space below the coverslip of the window is approximately 0.1 ml. pial surface. Finally, the cranial window was fixed into place with dental cement.
For local perfusion of the brain cortex, the artificial CSF of Wahl and Kuschinsky (1976) was used. The freshly prepared mock CSF was heated to and kept at 38°C, and equilibrated with 5% CO 2 balanced in nitrogen gas. The composition of the mock CSF was Na+, 156 mM; K+, 3 mM; Ca 2 +, 1.5 mM; Cl-, 151 mM; and HC03, 11 mM (pH 7.15 -7.17). The stock solutions of adenosine, D-600, and verapamil were diluted with artificial CSF, and both solutions were adjusted to the same pH. The temperature of the perfusate, when it reached the brain, was approximately 37°C.
Cerebrocortica1 NADH fluorescence and vascular vol ume were measured as described before (D6ra and Kovach, 1982) , but instead of a 900-W AC lamp, a 100-W air-cooled DC lamp was used to excite the brain cortex.
To get a better signal-to-noise ratio, the fluctuations in light intensity of the mercury arc were reduced to a mini mal level by a feedback circuitry. The brain cortex was excited at 366 nm by the internal lens of the Ultropak objective (6.5; Wetzlar, F.R.G.). The reflected light (366 nm) and the emitted NADH fluorescence (450 nm) were measured by photomultipliers (EMI, England), using ap propriate optical filters (D6ra and Kovach, 1982) .
Reflected light, measured at 366 nm, was used to follow the changes in cerebrocortical blood content, e.g., vascular volume. The increase in cerebral blood content (vasodila tation) decreases the intensity of reflected light, and the intensity increases when the blood content is diminished (hae modilution, vasoconstriction) (Harbig et aI., 1976; Eke et aI., 1979; D6ra and Kovach, 1982) . The technique is appropriate to this purpose since a linear relationship was obtained between the normalized optical density of the blood samples and the concentration of the blood in model experiments (Eke et aI., 1979) as well as in the intact brain cortex when various amounts of oxygenated saline were injected into the lingual artery (Harbig et aI., 1976) . Changes in the oxygenation of hemoglobin do not affect the intensity of the reflected light measured in the brain cortex in vivo (D6ra and Kovach, 1981) . The normal values of CVV determined by reflectometry and other methods are comparable (Eke et aI., 1979) .
To avoid the changes in NADH fluorescence caused by the so-called haemodynamic artifact (Harbig et aI., 1976) , a correction method based on artificial haemodilution was used. For this purpose, 0.1-0.3 ml isosmotic dextran so lution was injected into the lingual artery and the NADH concentration-dependent alterations in NADH fluores cence were calculated using the measured correction factor (Harbig et aI., 1976; D6ra and Kovach, 1982) . Chance et al. (1962) , this recently developed instrument has the great advantage that calibra tion can be checked at any time and is independent of the input light signals.
To see how topically administered adenosine affected the diameter of large pial vessels, in five experiments we photographed the brain cortex at the same time as the fluororeflectometric measurements were made. The pic tures were taken with a Zeiss camera mounted on a Zeiss (D.D.R.) operational microscope.
The arterial blood gases and hemoglobin concentration were determined in every experiment (ABL-l analyzer; Radiometer). The rectal temperature of the animals was maintained at 37°C by an infrared lamp and a temperature regulator (73/A; Yellowspring). The following parameters were recorded on an eight-channel Grass or Hewlett Packard polygraph: cerebrocortical uncorrected and cor rected NADH fluorescence, reflectance, electrocor ticogram (ECoG) of the superfused brain cortex and other brain hemisphere, arterial blood pressure, and in tracranial pressure (Statham P 23/d electromanometers).
Experimental procedure and analysis of data
After the surgery had been completed, the brain cortex was superfused for at least 20 min with mock CSF at a pressure identical to the intracranial pressure. The perfu sion pressure was adjusted by positioning the end of the outlet polyethylene tube to an appropriate height. To test the potency of adenosine in altering cerebrocortical mi crocirculation and NAD/NADH redox state, various con centrations of adenosine (10-10 to 10:1 M) were applied topically to the surface of the brain cortex. Since another of our recent studies (Dora et aI., unpublished observa tions) showed that CVV and NAD/NADH redox state reach a quasi-steady state following 2-3 min superfu sion of the brain cortex with 10 4 M adenosine, an ap proximate 2-min period of superfusion seemed to be satisfactory in the present experiments. Adenosine was washed out from the perfused space with mock CSF.
Following this, various concentrations of D-600 (2 x 10-9
to 2 x 1O-:! M) or verapamil (2 x 10 "to 2 X 10-5 M) were applied to the surface of the brain cortex. To test the importance of calcium ions in adenosine-induced cortical vascular and redox responses, the topical administration of 10-4 M adenosine was combined with different con centrations of D-600 (2 x 10-6 to 2 X 10-3 M) or with 2 x 10-5 M verapamil. Finally, after the brain cortex had been treated with 2 x lo-a M D-600 and the CVV remained steadily elevated, 8-10 mg/kg metrazol (Knoll; U.S.A.) was injected into the lingual artery. This dose of metrazol evoked epileptiform activity in the ECoG, which lasted for about 90 s. When the ECoG recovered to its normal pattern following epileptic seizures, the animals respired nitrogen gas for 2 min. During epileptic seizures and ni trogen anoxia, the perfusing tubes of the cranial window were closed and mock CSF stayed beneath the window.
As controls for these reactions, epileptic seizures and ni trogen anoxia were induced in a separate series of experi ments in which the brain cortex was not treated with any drug.
The results are expressed as means ± SE. The adenosine-, D-600-, and verapamil-evoked cortical re sponses were evaluated by comparing them to the values of reflectance and corrected NADH fluorescence ob tained with mock CSF superfusion. A modified t test for independent samples, according to the Bonferoni method (Wallenstein et aI., 1980) , was used to show significant differences among control (non-treated) and D-600pretreated groups with anoxia and epileptic seizures.
RESULTS
Adenosine (10-9 M) did not alter CVV and NAD/NADH redox state (Fig. 2) . In the concentra tion range of 10-8 to 10-3 M, adenosine led to a dose-dependent increase in CVV. At a concentra tion that might occur in the cerebral extracellular space during severe arterial hypoxia and epileptic seizures (1. 4 x 10-5 M; Winn et aI. , 1981a, b) , adenosine added externally increased CVV by about 10%. Adenosine (10-3 M) augmented CVV by about 17%, but this vascular reaction was still ap proximately 40% less than those obtained during arterial anoxia and epileptic seizures in non-treated brain cortex ( Fig. 2 ; Tables 1 and 2). Concentrations of adenosine below 10-6 M had no discernible effect 5� <t., zo c:: Abbreviations used: R, reflectance: CF, corrected NADH fluorescence: x, mean value; ±SE, standard error; n, number of experiments; p, degree of significance, compared to control group.
Note: Since during anoxia the autoregulation of cerebral blood flow is lost and arterial blood pressure initially increases and then later decreases, only those anoxic reactions were averaged for which the arterial blood pressure at the end of the nitrogen gas respiration did not differ markedly (± 15 mm Hg) from the preanoxic value.
on cortical NAD/NADH redox state, but there was a significant N AD reduction at higher concentra tions.
The effects of topically administered adenosine on CVV, NAD/NADH redox state, and the local ECoG of the exposed brain cortex were demon strated in a single experiment (Fig. 3) . In this case, the vasodilatory effect of adenosine started at a concentration of 10-7 M, and pronounced N AD re duction was obtained at doses between 10-5 and 10-:1 M. Since the brain cortex was not superfused with mock CSF long enough after repeated admin istrations of adenosine, uncorrected NADH fluo rescence and reflectance were shifting, but they re covered almost to their reference levels following prolonged washing of the brain cortex with mock CSF. None of the adenosine concentrations altered the ECoG of the superfused brain cortex, which showed that, contrary to findings with iontophoretic Abbreviations as in Table 1 . The epileptiform electrical ac tivity lasted for approximately 90 s; then the ECoG recovered within 10-15 min to its normal pattern. Note: Arterial blood pressure and intracranial pressure increased in both groups during epileptic seizures, but in this respect the two groups did not differ from each other. Effect of adenosine su perfusion of the brain cortex in a single experiment. The duration of adenosine administration is marked by arrows. Before and between adenosine administra tions, the brain cortex was superfused with mock CSF. F, uncorrected NADH fluorescence; R, reflectance; CF, corrected NADH fluorescence; BP, arterial blood pressure; ICP, intracranial pressure; ECoG, electrocortico gram; ADO, adenosine. From top to bottom: the first ECoG was re corded from the exposed brain cortex, the second from the other brain hemisphere. The calibra tions and direction of increase are shown before each parame ter. As the arrows indicate, the zero was shifted upward on F and R traces following administration of 10-5 M adenosine. Spikes on F and R traces were evoked by in jecting 0.1-0.3 ml oxygen-satu rated and isosmotic dextran solu tion into the lingual artery. The ratio of the artificial hemodilu tion-induced F and R changes gives the correction factor used to calculate the real changes of cortical NAD/NADH redox state (CF) .
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administrations of very high adenosine concentra tions (10-1 M) into cortical neurons (Phillis et a!., 1975) , adenosine applied extracellularly does not depress the electrical activity of cortical neurons. Corresponding to reflectometric measurements, adenosine dilated the pial vessels markedly, and when adenosine was replaced with mock CSF, the diameter of the vessels returned to the control size (Fig. 4) .
The topically administered organic calcium an tagonists D-600 and verapamil increased CVV dose-dependently, but did not alter cortical N AD/ NADH redox state (Fig. 5 ). Since verapamil was less effective than D-600 in augmenting CVV, but otherwise had similar effects, its efficacy was not tested over the whole concentration range used for D-600. Figure 6 demonstrates the effects of these organic calcium antagonists on vascular and redox re sponses evoked by 10-4 M adenosine. During con trol conditions, the brain cortex was superfused only with adenosine. While 2 x 10-6 M D-600 had no effect on adenosine-evoked cortical responses, 2
x 10-5 M D-600 or verapamil diminished the adenosine-induced increase in CVV and NAD re duction. At a D-600 concentration of 2 x 10-3 M, 10-4 M adenosine did not cause changes in CVV and NAD/NADH redox state, but we have to remark that the cerebrocortical vessels were almost maxi mally dilated.
In addition to the effects of various concentra tions of D-600 on adenosine-induced vascular and redox reactions, it can be seen in Fig. 7 that D-600 did not influence the local electrical activity of the exposed brain cortex. This shows that the calcium channels of the cerebral vascular smooth muscle are much more sensitive to this organic calcium an tagonist than are those calcium channels of brain parenchyma cells that are involved in synaptic transmission. Similar findings have been reported with isolated brain slices (Ververken et a!., 1982) .
In normal brain cortex with closed skull, anoxia and epileptic seizures increased CVV by approxi mately 28% (Tables 1 and 2 
DISCUSSION
In the present study, adenosine, D-600, and ver apamil were administered topically to the brain cortex by superfusion. This type of drug adminis tration was necessary because the blood -brain bar rier is not readily permeable to these substances (Berne et aI., 1974; Harper et aI., 1981) . Using the reflectometric method, we revealed a concen tration-dependent increase in CVV for these sub stances. Because the penetration depth of the 366nm exciting light is about 0.5 mm (Chance et aI., 1962) , the question can be raised of whether the locally applied substances diffused and distributed homogeneously in the reflectometrically monitored cortical tissue volume. This question is probably only valid for adenosine, since organic calcium an tagonists are not metabolized in the cortical tissue, but superfused adenosine penetrates very poorly into the brain cortex (Winn et aI., 1981c) . Winn et aI. (l981c) showed that when the brain cortex was superfused with radiolabeled adenosine (the period of superfusion was not given), almost 60% of the radioactivity was contained in the outer 0.1 mm of cortex. However, assuming that the remaining 40% of the radioactivity was contained in the next 0.1 mm of cortex, the reflectometrically revealed changes in CVV evoked by adenosine superfusion are close to the true ones. Since the ci iameter of the excited pial-cortical area was approxImately 1 mm, and the penetration depth of the exciting light is about 0.5 mm, a maximum of one-third of the re flectometrically monitored cortical tissue volume
;;:: .. indicate the degree of significance within and between groups, respectively. Note that 0-600 was 10 times more effi cient than was verapamil in altering cerebrocortical vascular volume, but neither had significant effect on NAD/NAOH redox state.
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was not affected by adenosine. If adenosine pene trated deeper than 0.2 mm into the brain cortex (in our experiments the adenosine containing CSF was perfused with a pressure identical to the intracranial pressure), the error is even less. The vasodilatory effect of adenosine obtained in our experiments is fully comparable to other data from the literature (Berne et aI., 1974; Wahl and Kuschinsky, 1976; Kuschinsky and Wahl, 1978) . On other hand, our data indicate indirectly that adenosine cannot solely account for the vasodila tory effect of arterial hypoxia and epileptic seizures. Assuming that adenosine stays mostly extracellularly in the brain (e.g., adenosine concentration in the extracellular space under normal conditions and arterial hypoxia and epileptic seizures varies be tween approximately 10-6 and 10-5 M; Winn et aI., 1981a,b) , one would expect greater increase in CVV with topically administered adenosine than that which we observed. Since even 10-4 M adenosine increased CVV by only about 10% (whereas anoxia and seizures augmented CVV by approximately 28%), it might be presumed that extracellularly re leased adenosine can account for only a small part of the vasodilatation occurring under these condi tions.
Both of the calcium antagonists, D-600 and ver apamil, caused very marked dilatation, which corre sponds to available data in the literature (Hayashi and Toda, 1977; Brandt et aI., 1981; Harper et aI., 1981) . When the brain cortex was superfused with 2 x 10-3 M D-600, the cortical vessels became almost maximally dilated. The slight vasodilatory effect of anoxia and epilepsy in the D-600-pretreated brain cortex can be attributed either to the incom plete inhibition of the vascular calcium channels or intracellular calcium-sequestrating mechanisms, or to some other vasodilatory mechanism that can op erate independently of calcium availability.
Calcium availability and adenosine-mediated vasodilatation
How adenosine elicits relaxation of vascular smooth muscle is not yet clear. Until recently, the following mechanisms were suggested as being mainly responsible for adenosine-induced vaso dilatation: increased synthesis of adenine and guanine cyclic nucleotides (Kukovetz et aI., 1978;  F 20% I R2 0% I � ",, ,I" ._.
-� : responses in the same experiment shown in Fig. 3 . Administrations of 0-600 and adenosine are marked by arrows above the time scale. Before and between drug administrations, the brain cortex was superfused with mock CSF. Other abbreviations as in Fig. 3 . Huang and Drummond, 1979) , decrease in sodium ion permeability (Imai and Takeda, 1967) , and dimi nution of calcium availability (Herlihy et aI., 1976; Dutta et aI., 1980; Fenton et aI., 1982) . However, these data were rather inconsistent and were ob tained in vitro in preparations that did not resemble small and intact cerebrocortical vessels, whereas the present study was performed in vivo without tissue destruction. To identify the role of calcium availability in adenosine-mediated vasodilatation, the brain cortex was treated with organic calcium antagonists (Fleckenstein, 1977) . It was expected that if adenosine dilates cerebrocortical vessels only by inhibiting the inward movement of calcium, and if we were to assume that D-600 inhibits those cal cium channels that might be involved in the vascu lar action of adenosine, D-600 would diminish adenosine-elicited vasodilatation. In contrast to ex pectations, D-600 was a very poor adenosine an tagonist. Marked reduction of adenosine-induced vasodilatation was obtained only at a D-600 con centration of 2 x 10--4 M, which already increased CVV approximately 2.5 times as much as did 10-4 M adenosine in non-pretreated brain cortex. In dis cussing the relatively low sensitivity to D-600 of 1983 adenosine-elicited cerebrocortical vasodilatation, we should take into account that organic calcium antagonists probably have more than one site of ac tion (Massingham, 1973; Bolton, 1979; Church and Zsoter, 1980; Brandt et aI., 1981) . At a low concen tration or limited time of exposure, they inhibit cal cium influx specifically, but at high concentration their action becomes somewhat nonspecific be cause they also interfere with calcium sequestration and probably with the contraction-relaxation pro cess itself (Massingham, 1973; Fleckenstein, 1977; Bolton, 1979; Church and Zsoter, 1980; Brandt et aI., 1981) . In light of these considerations, our re sults are explained as follows: (a) In the dilatatory action of adenosine, inhibition of transmembrane calcium influx plays no or only a minor role. This conclusion is based on the finding that, at compara ble increases of CVV (10-4 M adenosine; 2 x 10-6 M D-600), D-600 did not influence the vascular effect of adenosine. Furthermore, when CVV was in creased approximately twice as much with 2 x 10-5 M D-600 as with 10-4 M adenosine, adenosine still had a marked vasodilatatory effect. This conclusion agrees with many observations made on isolated vessels, namely: verapamil blocks (while adenosine does not) the spontaneous myogenic contractions of portal-mesenteric vein strips (Verhaeghe, 1977) ; adenosine does not diminish the calcium uptake of normally polarized coronary and carotid arteries (Dutta et aI., 1980; Fenton et aI., 1982) ; and adenosine depresses norepinephrine contractions of saphenous vein strips in both the presence and ab sence of calcium ions and after the inhibition of cal cium influx by verapamil (Verhaeghe, 1977) . The marked inhibitory effect of adenosine on calcium uptake by potassium-depolarized vascular smooth muscle seems to contradict our conclusion, but this kind of contraction never occurs in intact small ves sels during physiological conditions (Fenton et aI., 1982) . (b) Adenosine dilates cerebrocortical vessels by some intracellular mechanism, the stimula tion of intracellular binding of calcium possibly being involved in the vasodilatatory mechanism of adenosine. This conclusion is based on the experi mental result that in the brain cortex pretreated with 2 x to-a M D-600, adenosine had no effect on CVV, although cerebrocortical vessels could have been dilated further with anoxia and epileptic seizures. Accordingly, the inhibitory effect of various organic calcium antagonists on vascular contractions elic ited by norepinephrine, acetylcholine, prostaglan din, and other amines is generally interpreted as being the inhibition of the release of intracellularly stored calcium (Massingham, 1973; Hayashi and Toda, 1977; Verhaeghe, 1977; Bolton, 1979; Church and Zsoter, 1980; Brandt et aI., 1981) . In addition, Fenton et aI. (1982) have shown that adenosine in creases transmembrane calcium influx but leaves calcium efflux unaltered in non-stimulated cultured vascular smooth cells.
Since the vascular response to topically adminis tered adenosine was attenuated only when the cere brocortical vessels were already markedly dilated, some other mechanisms besides decreased calcium availability could also participate in the dilatatory action of adenosine. Among the proposed mecha nisms, cAMP is the most likely candidate, although the available data are very inconsistent. While it has been shown that cerebral micro vessels contain adenosine-sensitive adenylate cyclase (Huang and Drummond, 1979) and while Kukovetz et aI. (1978) explored a positive correlation between adenosine induced relaxation of coronary vascular strips and activation of adenylate cyclase, other investigators (Herlihy et aI., 1976; Verhaeghe, 1977) found no correlation between the relaxing and cAMP-pro ducing effects of adenosine in large vessels. How ever, these negative results cannot exclude cAMP in the vasodilatory mechanism of adenosine in cere-brocortical vessels because the activity of adenylate cyclase declines extremely rapidly in vitro (Ver verken et aI., 1982) and it was not measured in the Herlihy et aI. (1976) and Verhaeghe (1977) studies.
NAD/NADH redox state
So far, the metabolic effect of externally admin istered adenosine in the intact brain cortex in vivo has not been studied. Our results show that top ically administered adenosine (10-5 to 10-3 M) in creases NAD reduction without affecting the elec trical activity of the exposed brain cortex. Fluororeflectometry in vivo measures the total changes of the intracellular N AD/N ADH ratio (Doni and Kovach, 1981, 1982) . According to in vitro experiments performed on isolated mitochondria (Chance and Williams, 1955) , NAD reduction can occur if, for some reason, the speed of mitochon drial electron transport is decreased. One of the reasons for this could be tissue hypoxia. However, it is very unlikely that adenosine made the brain cortex hypoxic because it dilated the cerebrocortical vessels in our experiments and increased regional cerebral blood flow in studies by Winn et aI. (l981c) . Some part of the NAD reduction evoked by topical administration of adenosine could be attrib uted to a slow-down of mitochondrial electron transport due to rapid reuptake and rephosphoryla tion of adenosine to ATP (Berne et aI., 1974; Winn et aI., 1981c) . Since the total changes of intracellular NAD/NADH redox state are measured in vivo by fluororeflectometry, and adenosine stimulates sub strate mobilization (i .e., glycogenolysis and glycolysis; Sattin and RaIl, 1970; Ibrahim, 1975; Wilkening and Makman, 1976) , this effect might also be involved in adenosine-induced cerebrocorti cal NAD reduction. Adenosine stimulates substrate mobilization by activating adenylate cyclase and phosphorylase, and by cAMP phosphofructo kinase (Sattin and RaIl, 1970; Ibrahim, 1975; Wil kening and Makman, 1976; Siesjo, 1978) . As a result of these effects, lactate and NADH will accumulate in the cytoplasm, and, due to increased supply of reducing equivalents, mitochondrial NAD could also be reduced (see Siesjo, 1978) . Since lactate and hydrogen ions are vasoactive (Kuschinsky and Wahl, 1978; Siesjo, 1978) and the diameter of cere bral vessels might be altered by some unknown mechanism in relation to NAD/NADH redox state changes (D6ra and Kovach, 1982), these intracellu lar metabolic effects of adenosine should be also involved in its vasodilatory mechanism.
On the basis of our present data and other data from the literature (Sattin and RaIl, 1970; Ibrahim, 1975; Wilkening and Makman, 1976; Siesjo, 1978) , the relative contribution of intracellular metabolic effects, compared to direct vascular effects, of adenosine in the regulation of cerebral blood flow is difficult to estimate. Winn et al. (1981b) suggested that adenosine couples cerebral blood flow and metabolism, assuming that the intracellular aden osine pool is negligible, and that intracellularly re leased adenosine acts extracellularly on specific adenosine receptors. However, this presumption might not be entirely right because adenosine deaminase (Sigma; Type III, 5 units/mllmin super fusion of the brain cortex) did not alter the CVV under normoxia, direct electrical stimulation of the brain cortex, or arterial and histotoxic hypoxia (D6ra et aI., unpublished observations).
It is well known that cerebral adenosine produc tion and glycogen and glucose metabolism are ac celerated considerably during epileptic seizures, arterial hypoxia, and by various depolarizing agents (Sattin and Rall, 1970; Ibrahim, 1975; Wilkening and Makman, 1976; Nimit et aI., 1981; Winn et aI., 1981a,b; Ververken et aI., 1982) . According to the recent studies of Ververken et al. (1982) , besides adenosine (Wilkening and Makman, 1976) , in creased transmembrane calcium influx and direct activation of phosphorylase kinase are responsible for substrate mobilization occurring under the above-mentioned conditions. These studies are supported by our finding that D-600 pretreatment of the brain cortex markedly diminished the NAD reducing effect of anoxia and epileptic seizures. The negligible change in cortical NAD/NADH redox state obtained in D-600-pretreated brain cortex during epileptic seizures suggests that, contrary to isolated mitochondria (Chance and Williams, 1955;  ADP-stimulated respiration), the mitochondrial NAD/NADH redox state of in vivo and intact brain cortex is not shifted toward a more oxidized state during excessive brain activation.
